Abstract: Photosynthetic function, photoprotection, and the response of related proteomics of mulberry (Morus alba L.) seedling leaves under NaCl and NaHCO3 stress with the same Na + concentration (100 mmol·L -1 ) were studied by using photosynthetic gas exchange and chlorophyll fluorescence techniques combined with TMT proteomics. The results showed that NaCl stress had no significant effect on photosystem II (PSII) activity in mulberry seedling leaves, and the expressions of the related proteins, OEE3-1 and PPD4, of the PSII oxygen-evolving complex (OEC) and the antenna proteins, CP24 10A, CP26, and CP29, of LHCII in the leaves also increased to varying degrees. The photosystem I (PSI) activity in the leaves of mulberry seedling also increased, and the expressions of some proteins, PsaF, PsaG, PsaH, PsaL, PsaN, and Ycf4, in PSI increased significantly under NaCl stress. Under NaHCO3 stress, the activity of PSII and PSI and the expression of their protein complexes and the electron transfer-related proteins significantly decreased. NaCl stress had little effect on RuBP regeneration during dark reaction in the leaves and the expressions of glucose synthesis related proteins and net photosynthetic rate (Pn) did not decrease significantly. The leaves could adapt to NaCl stress by reducing stomatal conductance (Gs) to increase water use efficiency (WUE). Under NaHCO3 stress, the expression of dark reaction-related proteins was mostly down-regulated, and Gs was significantly reduced, which indicated that non-stomatal factors were important reasons for the significant inhibition of carbon assimilation. In the photoprotective mechanism under NaCl stress, the expression of cyclic electron flow (CEF) related proteins, ndhH, ndhI, ndhK, and ndhM, involved in NAD(P)H dehydrogenase (NDH) and the key enzyme of the xanthophyll cycle, violaxanthin de-epoxidase (VDE) were up-regulated. In addition, the ratio of xanthophyll cycle components (A+Z)/(V+A+Z) was increased. The expressions of proteins FTR and Fd-NiR, which are related to Fd-dependent ROS metabolism and nitrogen metabolism, were also significant up-regulated under NaCl stress, which can effectively reduce the electronic pressure on Fd. Under NaHCO3 stress, the expressions of CEF-related proteins, VDE, ZE, FTR, Fd-NiR, Fd-GOGAT, SGAT, and GGAT, were significant down-regulated, and the photoprotective mechanism, like the xanthophyll cycle, CEF, and photorespiration, might be damaged, resulting in the inhibition of PSII activity and carbon assimilation in leaves of mulberry seedling under NaHCO3 stress.
center was calculated . All determinations were repeated three times.
Determination of chlorophyll fluorescence induction curve (OJIP) and 820 optical reflection curve (MR820): the dark adaptation was conducted on unfolded penultimate leaves treated with different treatments for 0.5 h using dark adaptation clips. The OJIP and MR820 curves of leaves were simultaneously measured by M-PEA multi-function plant efficiency analyzer (Hansatch, UK), and the excitation light was induced by pulsed red light (3,000 μmol·m -2 ·s -1 ) provided by the instrument. Each treatment was repeated five times, and the OJIP and MR820 curves were plotted using the average values of five repetitions.
The O, J, I, and P points in the OJIP curve correspond to the time points of 0.01, 2, 30, and 1000 ms, respectively, and their relative fluorescence intensities are expressed by Fo, FJ, FI, and Fm, respectively. Relative variable fluorescence VJ, VK, and VL at 2 ms (J point), 0.3 ms (K point), and 0.15 ms (L point) were obtained on the VO-P and VO-J curves standardized by OJIP curves according to VO-P=(Ft-Fo)/(Fm-Fo) , VO-J=(Ft-Fo)/(FJ-Fo) , and VO-K= (Ft-Fo)/(FK-Fo) . According to Strasser et al. (1995) , the OJIP curve was analyzed by a JIP-test to obtain PSII maximum photochemical efficiency (Fv/Fm), the photosynthesis indices based on the absorption of light energy (PIABS), and the total performance index (PItotal).
The activity of the PSI reaction center is reflected by the slope (△I/Io) of the initial section of the MR820 curve, where Io and △I represent the maximum value and the difference between maximum and minimum values of the reflected signal on the MR820 curve, respectively (Oukarroum et al., 2013) .
Determination of photosynthetic gas exchange parameters:
The unfolded penultimate leaves of mulberry seedling in different treatments were selected and detected under the conditions of 400 μl·L -1 fixed CO2 by a CO2 cylinder and 1,000 μmol·m -2 ·s -1 light intensity PFD setting by a built-in light source. The parameters of net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate (Tr) under different treatments were measured, and the instantaneous water use efficiency (WUE) of leaves was further calculated using the equation WUE=Pn/Tr. The test was repeated five times.
Extraction and determination of xanthophyll components:
The whole process of extracting pigments was conducted in the dark. Leaves (0.2 g) were placed in a pre-cooled mortar and ground until homogenous with 4 mL 85% acetone and SiO2. After adding another 1 mL 100% acetone and homogenizing for 1 min, the sample was placed on ice for 15 min, then centrifuged for 2 min at 1,200×g. Then, the supernatant was removed and filtered through a 0.45 μm microporous membrane filter. The contents of violaxanthin (V), antheraxanthin (A), and zeaxanthin (Z) in the xanthophyll cycle were determined by high-performance liquid chromatography, in which the chromatographic column was Spherisorb C18 (5 μm, 250 mm×4.6 mm), the liquid A in the mobile phase was acetonitrile and methanol (v:v=85:15) , and liquid B was methanol and ethyl acetate (v:v=68:32) . The flow rate was 1 mL·min -1 and the detection wavelength was 445 nm. The deep oxidation state of xanthophyll was expressed by (A+Z)/(V+A+Z).
Proteomic determination and analysis
The leaves of mulberry seedlings in different treatments were collected and pre-cooled with liquid nitrogen, and then sent to PTM Biolabs in Hangzhou Eco & Tech Developmental Area (Hangzhou, Zhejiang Province) in an incubator with dry ice for proteomic determination. The operations were as follows:
(1) Protein extraction: Samples stored at -80 °C were weighed, and then placed in a liquid nitrogen pre-cooled mortar and ground to powder by adding liquid nitrogen. The samples from each treatment were subjected to ultrasonic pyrolysis with phenol extraction buffer (10 mmol·L -1 dithiothreitol, 1% protease inhibitor, and 2 mmol·L -1 EDTA) at four times the volume of sample
powder. An equal volume of tris-saturated phenol was added to the sample. After centrifugation for 10 min at 4 °C and 5,500 g, the supernatant was removed. Five times volume of 0.1 M ammonium acetate/methanol was added for overnight precipitation. The protein precipitation was washed with methanol and acetone, respectively. Finally, the precipitation was re-dissolved with 8 M urea, and the protein concentration was determined using a BCA kit.
(2) Trypsin hydrolysis: After adding dithiothreitol to adjust the final concentration of the protein solution to 5 mmol·L -1 , the solution was reduced at 56 °C for 30 min. Then, iodoacetamide was added to the solution to adjust its final concentration to 11 mmol·L -1 , and the solution was incubated at room temperature for 15 min. After the urea concentration of samples was diluted to less than 2 M, trypsin was added in the protein solution with the mass ratio of 1:50 (trypsin: protein) and enzymatic hydrolysis was carried out overnight at 37 °C. Trypsin was added again with the mass ratio of 1:100 (trypsin: protein) and enzymatic hydrolysis continued for another 4 h.
(3) TMT marker: After desalination with Strata X C18 (Phenomenex), the trypsin-hydrolyzed peptide segments were freeze-dried in a vacuum. After dissolving with 0.5 M TEAB, the peptide segment was labeled according to the instructions provided with the TMT kit. Briefly, the steps were as follows: the label reagent was dissolved in acetonitrile after thawing, mixed with the peptide segment, and incubated at room temperature for 2 h. Then the labeled peptide segment was freeze-dried in a vacuum after desalination.
(4) HPLC classification: Peptide segments were classified by high pH reverse HPLC with the chromatographic column of Agilent 300 Extend C18 (5 μm diameter, 4.6 mm inner diameter, and 250 mm long). The operation was as follows: the gradient of peptide segments was 8%-32% acetonitrile with pH 9, and 60 components were separated in 60 min, then the peptide segments were merged into nine components. The merged components were vacuum freeze-dried for subsequent operations.
(5) Liquid chromatography-mass spectrometry (LC-MS): The peptide segments were dissolved by the liquid chromatography mobile phase A (0.1% (v/v) formic acid aqueous solution), and then separated by an EASY-nLC 1000 Liquid Chromatography System. The mobile phase A was an aqueous solution containing 0.1% formic acid and 2% acetonitrile, and the mobile phase B was an aqueous solution containing 0.1% formic acid and 90% acetonitrile. The liquid phase gradient was set as follows: 0~50 min, 7%-16% B; 50~85 min, 16%-30% B; 85~87 min, 30%-80% B; 87~90 min, 80% B, and the flow rate was maintained at 400 nL/min.
After separation by an EASY-nLC 1000 Liquid Chromatography System, peptide segments were injected into the NSI ion source for ionization, and then analyzed by Orbitrap Lumos TM mass spectrometry. The voltage of ion source was set to 2.0 kV, and the parent ions of peptide segments and their secondary fragments were detected and analyzed by high resolution Orbitrap. The scanning range of MS1 scan was set to 350-1,550 m/z and the scanning resolution was 60,000, while that of MS2 scan was set to 100 m/z with the scanning resolution of 30,000. The data-dependent acquisition (DDA) mode was used to collect data, that is, after the MS1 scan, the first 20 peptide parent ions with the highest signal intensity were selected to enter the HCD collision pool in turn, and fragmented with 32% fragmentation energy. Similarly, the MS2 scan was carried out in turn. To improve the effective utilization of mass spectrometry, automatic gain control (AGC) was set to 5E4, the signal threshold was set to 50,000 ions/s, maximum injection time was set to 70 ms, and the dynamic elimination time of tandem mass spectrometry scanning was set to 30 s to avoid repeated scanning of parent ions.
(6) Database search: MS2 data were retrieved using Maxquant (v1.5.2.8). The retrieval parameters were set as follows: UniProt Morus (27,832 sequences) was used as the database, and anti-database was added to calculate the false positive rate (FPR) caused by random matching. The common contamination database was also added to eliminate the influence of contaminated proteins in the identification results. The digestion mode was Trypsin/P, the number of missing sites was two, the minimum length of the peptide segment was 7 amino acid residues, and the maximum modification number of the peptide segment was five. The mass error tolerance of the primary parent ions of the first search and main search was set at 20 ppm and 5 ppm, respectively, and that of the secondary fragment ions was 0.02 Da. Alkylation of cysteine was set as fixed modification, while oxidation of methionine and acetylation of N-terminal proteins were set as variable modification. The quantitative method used TMT-10plex, and the FDR of protein identification and PSM identification was set to 1%. Proteomics methods were repeated three times. Excel and SPSS (22.0) were used to analyze the measured data. All data were the mean ± standard error (SE) of three repetitions, and the differences among different treatments were compared by one-way ANOVA and LSD.
Data processing

Results
2.1 PSII response center activity and related proteins in leaves of mulberry seedling under NaCl and NaHCO3 stress
As shown in Fig. 1 -A, under NaCl stress, the relative fluorescence intensity Fo of leaves of mulberry seedlings at O point did not change significantly compared with CK, but the relative fluorescence intensities FJ, FI, and FP at J, I, and P points, respectively, decreased in varying degrees, especially FP. Under NaHCO3 stress, Fo increased significantly compared with CK, FJ varied insignificantly, FI and FP showed a decreasing trend, and the reduction of FP under NaHCO3 stress was greater than that under NaCl treatment. After defining the relative fluorescence intensity of P, J, and K points as 1 and O point as 0, the original OJIP curve was standardized according to O-P, O-J, and O-K ( Fig. 1-B, Fig. 1 -C, and Fig. 1-D Note: significant differences were expressed by different small letters (P<0.05), and very significant differences were expressed by different capital letters (P<0.01).
Changes of PSI response center activity and related protein expression in leaves of mulberry seedlings under NaCl and NaHCO3 stress
Compared with CK, the shape of the MR820 curve of leaves of mulberry seedlings changed significantly under NaCl and NaHCO3 stress (Fig. 4-A) . The amplitude of the MR820 curve was larger than CK under NaCl stress, but it significantly reduced under NaHCO3 stress. Quantitative analysis of the relative drop (△I/Io) of the MR820 curve in Fig. 4 -B showed that under NaCl Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2019 doi:10.20944/preprints201905.0167.v1
stress, △I/Io increased by 15.68% (P<0.01) compared with CK, while it decreased by 24.09% (P<0.01) under NaHCO3 stress.
As shown in Tab. 2, the expression of psaA, psaB, psaC, psaD, and psaE under NaCl stress was lower than the expression of these proteins in CK. The expression of these proteins also showed a decreasing trend under NaHCO3 stress, and this decrease was significantly greater than that under NaCl treatment. Under NaCl stress, the expression of psaF, psaG, psaH, psaL, psaN, and Ycf4 increased compared with CK. Except for the not significant difference between PsaL and CK, the expression of the other proteins was very significantly different from CK. However, under NaHCO3 stress, the expression of these proteins was significantly lower than CK. Note: significant differences were expressed by different small letters (P<0.05), and very significant differences were expressed by different capital letters (P<0.01).
Photosynthetic electron transport and ATP synthase related protein in leaves of mulberry seedlings under NaCl and NaHCO3 stress
The results in Tab. 3 showed that the petA and petC protein expression in the Cyt b6f complex was 8.83% (P<0.05) and 8.66%
(P<0.01) lower than CK under NaCl stress, respectively, while that of petB protein increased by 31.99% (P<0.01). Among the other electron transfer related proteins, the expression of Fd and FNR was very significantly reduced, but that of PC was not significantly different compared with CK. Under NaHCO3 stress, the expression of the above electron transfer related proteins was very significantly lower than CK, and the reduction was obviously greater than that of the NaCl treatment. Under NaCl stress, the expression of atpA and atpB in leaves of mulberry seedlings increased by 15.39% (P<0.01) and 7.57% (P<0.01), respectively, Note: significant differences were expressed by different small letters (P<0.05), and very significant differences were expressed by different capital letters (P<0.01).
Photosynthetic gas exchange parameters and carbon assimilation related proteins in leaves of mulberry seedlings under NaCl and NaHCO3 stress
The findings in Fig. 5 in the process of glucose synthesis also did not change significantly. However, besides the up-regulated expression of PGK (W9QWX1), GAPD (W9RTC6, A0A1S6PVK8, and W9R0D7), and R5PI (W9RQW9) under NaHCO3 stress, the expression of other proteins identified in dark reactions was significantly down-regulated. Note: significant differences were expressed by different small letters (P<0.05), and very significant differences were expressed by different capital letters (P<0.01).
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Tab. Note: significant differences were expressed by different small letters (P<0.05), and very significant differences were expressed by different capital letters (P<0.01).
Photoprotection related proteins in leaves of mulberry seedlings under NaCl and NaHCO3 stress
Under NaCl stress, qP was slightly lower than CK and this difference was not significant (Fig. 6) . NPQ increased by 12.76% (P<0.05), while (1-qP)/NPQ and CK had no significant difference. Under NaHCO3 stress, qP and NPQ decreased by 37.80% (P<0.01) and 49.32% (P<0.01) compared with CK, respectively, but (1-qP)/NPQ increased by 174.36% (P<0.01).
Under NaCl stress (Fig. 7) , the A+Z content increased by 108.33% (P<0.01), while under NaHCO3 stress, its content decreased by 27.08% (P<0.05). The content of V+A+Z did not change significantly under NaCl and NaHCO3 stress. The proportion of (A+Z)/(V+A+Z) under NaCl stress increased by 62.73% (P<0.01), but that under NaHCO3 stress decreased by 41.04% (P<0.01).
The results in Tab Note: significant differences were expressed by different small letters (P<0.05), and very significant differences were expressed by different capital letters (P<0.01).
Tab. Note: significant differences were expressed by different small letters (P<0.05), and very significant differences were expressed by different capital letters (P<0.01). 
Response of photosynthesis and related proteins of leaves of M. alba seedlings to NaCl and NaHCO3 stress
Chlorophyll fluorescence technology plays an important role in analyzing the absorption and utilization of light energy in photosynthesis. The effects of salt stress on plant PS II function are related to plant species, salt concentration, and treatment time (Everard et al., 1994; . In this experiment, Fv/Fm, PIABS, and PItotal, which characterize the photochemical activity of PSII in M. alba seedlings, were not significantly different from CK under NaCl stress (100 mmol·L -1 ), but significantly decreased under NaHCO3 stress (100 mmol·L -1 ). This indicated that PSII photochemical activity had a strong tolerance to NaCl stress, while the same concentration of alkaline NaHCO3 stress significantly reduced the PSII activity of leaves of M. alba. PSII sites that were damaged under NaCl and NaHCO3 stress were analyzed using the fast chlorophyll fluorescence induction curve (OJIP) in this study.
The results showed that under NaCl stress, VJ on the standardized O-P curve and VK on the standardized O-J curve did not vary significantly, but VJ and VK increased significantly under NaHCO3 stress. VJ can reflect the accumulation of QA -, i.e., the enhancement of VJ indicates that the electron transfer from QA to QB on the PSII receptor side is blocked (Haldimann et al., 1999; Zhang et al., 2016a) , and the increase of VK is considered a specific marker of damage to OEC activity of the PSII electron donor side (Zhang et al., 2012b; Zhang et al., 2018b) . Therefore, the results in this study indicate that there was no significant effect of NaCl stress on electron transport in the PSII donor side and receptor side of M. alba seedlings. Studies conducted by and Askari (2010) also reported that NaCl stress had no significant effect on the PSII activities of Suaeda salsa and S. aegyptiaca. Under NaHCO3 stress, the reasons for the decrease of photochemical activity of PSII in M. alba seedlings and the hindrance of the electron transfer rate are directly related to the hindrance of electron transfer at the donor side and receptor side of PSII.
To further analyze the intrinsic causes of PSII function changes under NaCl and NaHCO3 stress, proteomic techniques were used to study the changes of protein expression in PSII protein complexes of mulberry seedlings. The PSII protein complex in advanced plants consists of 25 large subunits, such as the light-harvesting complex (LHCII), oxygen evolution complex (OEC), peripheral antenna complex, and the core proteins of D1 and D2 (Nishiyama et al., 2011) . In terms of the donor side of PSII, it was found that the OEC activity and protein expression were significantly affected by salt stress (Abbasi Komatsu, 2004; Park et al., 2004) . Allakhverdiev et al. (2001) reported that NaCl treatment (500 mmol·L -1 ) led to irreversible inactivation of OEC in Synechococcus, and studies by Kim (2005) , Abbasi (2004), and Chen (2009) demonstrated that OEC-related protein expression was up-regulated under NaCl stress. In this experiment, under NaCl stress, the expression of OEE1 and OEE2 on the donor side of PSII decreased significantly, but the expression of OEE 3-1 and PPD4 increased significantly, while the expression of PsbP-like protein 1 and PPD3 did not change significantly, which indicates that the effects of NaCl stress on the PSII donor-side related proteins are inconsistent. Combined with the changes of VK, it can be concluded that NaCl stress does not significantly affect the OEC function on the PSII donor side. The core of the OEC is the combination of Mn cluster in Ca 2+ and Cl -, so Cl -plays an important role in stabilizing OEC functions. In this study, the activity of OEC on the donor side of PSII did not decrease significantly under NaCl stress, which may be related to the role of Cl - (Pang et al., 2010; Zhang et al., 2016b) . However, under NaHCO3 stress, except for the significant increase of PPD4 expression, the expressions of other related proteins in the PSII donor side were significantly decreased compared with CK. The VK of mulberry seedlings was also significantly increased under NaHCO3 stress, which suggests that NaHCO3 stress causes severe damage to OEC on the donor side of PSII. On the PSII receptor side, the expression of D1, D2, PsbE, and PBH did not change significantly under NaCl stress, but the expression of these proteins reduced significantly under NaHCO3 stress. Combined with the results of the changes of VJ, it can be concluded that 100 mmol·L -1 NaCl stress does not cause the degradation of electron transfer related proteins in the PSII receptor side, but the reduction of protein expression under NaHCO3 stress hinders the electron transfer in the PSII receptor side.
The main functions of CP43 and CP47 proteins are to receive excitation energy transmitted from peripheral antenna pigment complex of CP24, CP26, and CP29, and to transfer excitation energy to the pigment protein complexes in the reaction center (Casazza et al., 2010; Zhang et al., 2010) . It is also necessary for photosynthetic oxygen evolution (Putnam-Evans et al., 1997; Vermaas et al., 1993) . Shu et al. (2012) found that CP47 protein in cucumber seedling leaves decreased significantly under salt stress, but there was little effect on CP43 protein.
However, other reports demonstrate that CP47 protein increased significantly under salt stress (Sengupta et al., 2009; Pang et al., 2010) . In this experiment, CP47 decreased significantly under NaCl stress and CP43 did not change significantly. Under NaHCO3 stress, the expression of CP43 and CP47 protein both decreased significantly, which is one of the important reasons for the reduction of photosynthetic oxygen evolution capacity and electron transfer rate in M.
alba seedlings under NaHCO3 stress. In addition, if CP43 and CP47 proteins cannot effectively receive excitation energy from peripheral antenna proteins, excess excitation energy will induce the production of ROS, such as singlet oxygen, and lead to oxidative damage to the photosynthetic mechanism.
PSI is also one of the action sites of stress . During red light irradiation, the relative difference (△I/Io) of 820 nm optical signal is considered as an index reflecting the activity of PSI (Zhang et al., 2018c) . In this experiment, the △I/Io of M. alba seedlings under NaCl stress was significantly higher than CK, while that under NaHCO stress significantly decreased. In addition, the expression of PsaA, PsaB, PsaC, PsaD, and psaE decreased significantly under NaCl stress, but that of PsaF, PsaG, PsaH, PsaL, PsaN, and Ycf4 increased to varying degrees. Up-regulation of protein expression may play an important role in enhancing PSI activity of M. alba seedlings under NaCl stress, especially the up-regulation of Ycf4 protein expression, which showed great influence to the assembly of PSI and its stable attachment to the thylakoid membrane (Krech et al., 2012) . The studies conducted by Takizawa (2009 ), and Shikanai (2007 also suggested that NaCl stress increased PSI activity in algae and rice, which is similar to the results of Sudhir et al. (2005) . However, the expression of the above proteins was significantly down-regulated under NaHCO3 stress. The △I/Io, that is, the PSI of leaves of M. alba seedlings is more sensitive to NaHCO3 stress, but the activity of PSI was relatively enhanced under NaCl treatment.
In addition to PSII and PSI complexes, PQ, Cyt b6f complex, PC, Fd, and FNR are also involved in the linear electron transfer process of photosynthesis. The down-regulation of the expression of proteins related to the linear electron transfer process affects the formation of ATP and NADPH (Wei et al., 2011; Caruso et al., 2008) . Studies have shown that salt stress significantly affected the expression of Cytb6 complex-related proteins (Zörb et al., 2009; Xu et al., 2010; . In this experiment, except for the up-regulation of petB expression and no significant change of PC, the expression of petA, PetC, Fd, and FNR decreased significantly under NaCl stress, but the expression of these electron transfer related proteins decreased significantly under NaHCO3 stress. The decreased expression of these proteins was much greater in under NaHCO3 stress than that under NaCl stress.
Salt stress can lead to degradation of protein subunits on plant ATP synthase and inhibit ATP synthesis (Bandehagh et al., 2011; . However, the results in this study showed that the expression of atpA and atpB in M. alba seedlings increased significantly under NaCl stress, but decreased significantly under NaHCO3 stress. The up-regulation of the expression of ATP synthase related subunits under NaCl stress may play an important role in reducing the electronic pressure. PSII and PSI Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2019 doi:10.20944/preprints201905.0167.v1
complexes and electron transport-related proteins perform their functions by attaching to thylakoid membranes. Under stress, the structure of thylakoid membranes is damaged or the membranes become dissociated, which directly leads to the shedding of attached proteins, thereby affecting the electron transfer function. In this study, VL on the standardized O-K curve did not change significantly under NaCl stress, but it increased significantly under NaHCO3 stress ( Fig. 1 and Fig. 2 ). The increase of VL is considered to be an important marker of changes in thylakoid membrane fluidity and destruction of its functional and structural integrity (Essemine et al., 2012; Tóth et al., 2005) . Therefore, the reason for the decrease of PSII and PSI photochemical activity in M. alba seedlings and the hindrance of electron transport are related to the damage of the thylakoid membrane caused by NaHCO3 with its higher pH. The changes of proteins related to the photoreaction process of M. alba seedlings under NaCl and NaHCO3 stress are shown in Fig. 8 .
Under NaCl stress, Gs in M. alba seedlings decreased with the reduction of Tr, but Pn and Ci did not decrease significantly, which led to a significant increase in WUE. Under NaHCO3 stress, Pn, Gs, and Tr decreased significantly, and the reduction was much greater than that under NaCl stress, in addition to the increase of Ci. According to the criteria by Farquhar and Sharkey (1982) , it is believed that the effect of NaCl stress on the photosynthetic function of M. alba is mainly reflected in stomatal factors, and the improvement of WUE in M. alba seedlings through the reduction of Gs also plays an important role. Under NaHCO3 stress, photosynthesis was mainly restricted by non-stomatal factors. Yang et al. (2008) also found that alkaline salts had greater effects on the photosynthetic function of Cleris virgata than neutral salts. Among non-stomatal factors, Calvin cycle-related enzymes are important limiting factors, and many studies have shown that the expression of Calvin cycle-related enzymes is significantly affected by salt stress (Liska et al., 2004) . Yu et al. (2011 and reported that the expression of RuBisCO protein in leaves of Puccinellia tenuiflora was significantly down-regulated under salt or alkali stress, while that of halophyte Tamarix hispid was significantly up-regulated under NaHCO3 stress . In this experiment, the key enzymes, rbcL, rbcM, RCA, RCA1, RCA2, and RBCMT (W9QMR3), related to Rubisco carbon assimilation showed little change under NaCl stress, and RBCMT (W9S0A8) even significantly increased. However, the expression of these enzymes and their related subunits were significantly decreased under NaHCO3 stress. The CO2 fixation in the dark reactions is mainly restricted by carboxylation of RuBP and regeneration of RuBP. In this experiment, the differential proteins PGK (W9R524 and W9QWX1) and R5PI identified during the regeneration of RuBP were significantly up-regulated under NaCl stress. GAPD, TPI, SBPase, and TK did not change significantly, and the key enzyme, SBPase, in glucose synthesis did also not change significantly. This indicated that NaCl stress promoted the regeneration of RuBP and the synthesis of glucose in M. alba seedlings during dark reactions, and it had little effect on the expression of key enzymes or the up-regulation of expression; no down-regulation was identified. However, except for the up-regulated expressions of PGK (W9QWX1), GAPD (W9RTC6, A0A1S6PVK8 and W9R0D7), and R5PI (W9RQW9), the expression of other proteins was significantly decreased under NaHCO3 stress, which was a reason for the significant increase of Ci under NaHCO3 stress. A study conducted by Wei et al. (2012) indicated that the down-regulation of RuBisCO expression in S. corniculata leaves under NaHCO3 stress was an important reason for the decrease of CO2 fixation and the increase of Ci. Restricted regeneration of RuBP is mainly related to insufficient supply of ATP and NADPH (Yamori et al., 2011; Raines et al., 2010) . Therefore, the effect of NaHCO3 stress on RuBP regeneration and glucose synthesis in the dark reactions of leaves was significantly greater than that of NaCl stress. The expression of key enzymes in the dark reactions was significantly reduced under NaHCO3 stress, and the photoresponse was inhibited, which resulted in insufficient supply of assimilate. The changes of proteins related to the dark reactions in M. alba seedlings under NaCl and NaHCO3 stress are shown in Fig. 9 . 3.2 Response of photoprotective mechanism and related proteins of Morus alba L. seedlings to NaCl and NaHCO3 stress
Cyclic electron flow (CEF) around PSI is an important photoprotective mechanism (Johnson, 2011; Miyake, 2010; ). The CEF pathway includes two main pathways, one involving NAD(P)H dehydrogenase NDH and the other involving the proton gradient regulatory protein PGR5. CEF also needs Cytb6f, PC, and PSI. Some studies have found that stress can induce the expression of NDH protein subunits and promote CEF processes (Lehtimäki et al., 2010; Bernhard et al., 2000) . In this experiment, except for the not significant change in ndhN expression, the expression of ndhH, ndhI, ndhK, and ndhM were all significantly increased under NaCl stress; the expression of petB was also significantly increased. The expression of the above proteins was significantly decreased under NaHCO3 stress. This indicated that CEF was enhanced under NaCl stress, but this protective mechanism was inhibited under NaHCO3 stress. In addition to driving ATP synthase to synthesize ATP, the transthylakoid membrane proton gradient (△pH) produced by CEF plays an important role in protecting PSII and PSI (Ohnishi et al., 2005; Wang et al., 2006) . Therefore, the reason for insignificant influence of PSII activity and significant increase of PSI activity under NaCl stress in this experiment may be related to the promotion of CEF processes, which is similar to the results of Hakala et al. (2005) who found that CEF has protective effect on PSII oxygen-releasing complex. CEF is usually not stimulated under weak light, or relative linear electron transfer is maintained at a relatively low level (Miyake et al., 2005; Nandha et al., 2007; Huang et al., 2012) . However, when the ratio of NADPH/ATP is high, CEF is easily stimulated. For example, the increase of photorespiration leads to ATP consumption, or the CO2 concentration in chloroplasts decreases and photorespiration increases as stomatal conductance decreases, resulting in more ATP supply than what is needed for CO2 fixation, which leads to the increase of NADPH/ATP ratio and promotes CEF Joët et al., 2000; Golding and Johnson, 2004) . In this experiment, although Gs was significantly lower than CK under NaCl stress, the net photosynthetic rate (Pn) did not change. The utilization of ATP by leaves of M. alba seedlings under NaCl stress may increase, which may lead to the increase of the NADPH/ATP ratio, thus promoting CEF.
Under stress, if the electron transfer on the PSⅡ electron transfer chain is blocked, the proton gradient (△pH) of the transthylakoid membrane can still be formed due to the continuous production of H + by PSII photolysis of H2O in the thylakoid cavity. However, if △pH is not fully used to promote ATP production, the energy dissipation mechanism of the xanthophyll cycle depending on △pH will be activated. In addition, the △pH established by CEF will also drive the process of the xanthophyll cycle.
The xanthophyll cycle exists in all advanced plants and some algae (Masojidek et al., 1999; Lohr et al., 2001) . Studies have shown that the formation of A and Z in xanthophyll cyclic components is beneficial to dissipating excess excitation energy (Demmig-Adams, 1990), and the content of A and Z is positively correlated with energy dissipation (Eskling et al., 1997) . Ruban et al. (1999) and Frank et al. (1994) found that Z could directly quench the excited state of chlorophyll in vitro, which indicated that the xanthophyll cycle is an important mechanism protecting the plant photosynthetic apparatus from excess light energy (Demmig-Adams and Adams, 1996).
Salt stress can lead to the transformation of V to Z (Abadía et al., 1999) , and it is reported that NPQ is positively correlated with heat dissipation dependent on the xanthophyll cycle (Kalituho et al., 2007; Li et al., 2000) . Therefore, as an important way to dissipate excitation energy, NPQ plays an important role in reducing the pressure of the PSII reaction center and improving photosynthetic capacity of plants under stress Xu et al., 2018) . In this study, under NaCl stress, NPQ increased compared with CK, excess light energy (1-qP)/NPQ did not change significantly, and the expression of the key enzyme VDE in the xanthophyll cycle was up-regulated. However, ZE expression was down-regulated, resulting in a significant increase in the proportion of (A+Z)/(V+A+Z), which initiated the xanthophyll cycle to dissipate excess excitation energy. Han et al. (2010) demonstrated that overexpression of the VDE gene can effectively reduce the production of ROS in tomato leaves under low temperature stress to alleviate oxidative damage, and Qiu et al. (2003) also found that the anthophyll cycle plays an important role in improving salt tolerance of Atriplex centralasiatica. In addition, it has been reported that the xanthophyll cycle exists in the antenna pigment protein complex of plant thylakoid membranes, and its pigments are mainly localized on LHCII and some small chlorophyll-binding proteins (CP24, CP26, and CP29) (Horton et al., 1996; Gilmore et al., 2010) . CP24 and CP26 may also be one of the oxidases in the xanthophyll cycle (Schaller et al., 2011) . In this study, the expression of the LHCII protein CP24 10A, CP26, and CP29 in PSII was up-regulated under NaCl stress (Tab. 1), which further demonstrated that the xanthophyll cycle played an important role in dissipating excess energy under NaCl stress, and the stability of the xanthophyll cycle was improved by enhancing the up-regulation of the xanthophyll cyclic attachment protein. Under NaHCO3 stress, the expression of VDE and ZE in M. alba seedlings was down-regulated, and the proportion of (A+Z)/(V+A+Z) was also significantly reduced. The expression of CP24 10A, CP26, and CP29 also decreased. Therefore, the decrease of photochemical activity of PSII under NaHCO3 stress was related to the inhibition of the xanthophyll cycle.
In addition to transferring electrons to FNR to promote the synthesis of ATP and NADPH, nitrogen metabolism, photorespiration, and ROS scavenging processes can also act as electron receptors for Fd. Some studies have found that these metabolic processes play a competitive role in the synthesis of NADPH, leading to a reduction in plant photosynthetic rate (Hu et al., 2014; Hu et al., 2015) , but the absence of receptors for excess electrons in Fd can lead to the production of ROS around PSI under stress (Asada, 2006) . Therefore, other electronic utilization pathways of Fd are also an important protective mechanism. In this experiment, the expression of Fd-FTR and Fd-NiR was significantly increased under NaCl stress. The proportion of electrons transferred to Fd used in nitrite reduction and the ROS scavenging metabolic pathway increased, which showed a positive effect on the reduction of ROS production caused by excess electrons. In addition, the results in this study also revealed that the expression of key enzymes (SGAT and GGAT) in photorespiration increased significantly, but the expression of Fd-GOGAT and Fd-GOGAT2
did not vary, which may imply that photorespiration has a positive effect on protecting the photosynthetic function of M. alba seedlings under NaCl stress. However, the expressions of Fd-GOGAT, Fd-GOGAT2, Fd-FTR, Fd-NiR, SGAT, and GGAT were significantly decreased under NaHCO3 stress, which indicated that NaHCO3 stress inhibited the other pathways of electron utilization, and the accumulation of excessive electrons in Fd inhibited photosynthetic linear electron transport, thus increasing the chance of ROS production. In addition, under NaHCO3 stress, the reduction of NO2 -, the assimilation of NH4 + during nitrogen metabolism in chloroplasts, and the expression of the key enzymes Fd-NiR, Fd-GOGAT, and Fd-GOGAT2 in photorespiration were all significantly reduced, which may lead to the accumulation of NO2 -and NH4 + in chloroplasts and produce toxic effects. This may further inhibit the normal process of photosynthesis. The changes of proteins related to the photoprotective mechanism of M.
alba seedlings under NaCl and NaHCO3 stress are shown in Fig. 10 . photosystem I reaction center subunit III, PsaG: photosystem I reaction center subunit V, PsaH: photosystem I reaction center subunit VI, PsaN: photosystem I reaction center subunit N, ycf4: photosystem I assembly protein Ycf4, FTR: ferredoxin-thioredoxin reductase, NR: nitrate reductase, Fd-NiR: ferredoxin--nitrite reductase, Fd-GOGAT: ferredoxin-dependent glutamate synthase, Fd-GOGAT2: ferredoxin-dependent glutamate synthase 2, Glu: glutamate, GGAT:
glutamate--glyoxylate aminotransferase, SGAT: serine--glyoxylate aminotransferase.
The expression of related proteins are under NaCl and NaHCO3 treatments from left to right. Red represents up-regulated protein expression, and green indicates for down-regulated expression.
4．Conclusions
Under NaCl stress, the PSII activity of mulberry seedlings leaves was slightly affected, the PSI activity and the expression of some proteins on PSI increased to varying degrees, and the expression of subunits (atpA and atpB) in ATP synthase also increased significantly. However, this had little effect on the enzymes and proteins related to RuBP regeneration and glucose synthesis during dark reactions. However, under NaHCO3 stress, the expression of proteins related to light and dark reactions identified in mulberry seedling leaves were mostly down-regulated, and photosynthetic electron transport and carbon assimilation were also significantly inhibited. In addition to stomatal factors, non-stomatal factors were the main limiting factors for inhibition of photosynthetic carbon assimilation.
CEF and the xanthophyll cycle play an important role in improving photosynthetic function of leaves of mulberry seedlings under NaCl stress. In other electronic utilization pathways of Fd, the expression of FTR and Fd-NiR increased significantly under NaCl stress, which could effectively reduce the electronic pressure on Fd. However, under NaHCO3 stress, CEF, the xanthophyll cycle related proteins, and the expression of FTR, Fd-NiR, Fd-GOGAT, SGAT, and GGAT were all significantly down-regulated, destroying the photoprotective mechanism.
